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The magnitude of the phase difference between inducers’ oscillation of a kinetic illusory surface inﬂu-
ences visual material impressions (Masuda et al., 2013). For example, impressions of bending or waving
motions on a surface tend to occur at a 30- or 90-deg. phase difference, respectively. Here, we elucidate
whether amplitude and frequency changes in an inducer’s oscillation inﬂuence the visual impressions of
an illusory surface’s hardness, elasticity, and viscosity. Nine participants were asked to use an analog
scale to judge their visual impressions relative to a standard pattern with no damping and no frequency
change for each phase difference.
Results revealed that hardness ratings were greater when amplitude decayed with time only in the 30-
deg. phase difference. Elasticity ratings were greater when the frequency of oscillation had a large
increase in the 90-deg. phase difference. In the 30-deg. phase difference, similar tendencies were only
observed with no damping and ample damping. Viscosity ratings were greater when the frequency of
oscillation decreased in both phase differences and when the amplitude decayed with time in the 30-
deg. phase difference.
These ﬁndings suggest that amplitude and frequency changes in an inducer’s oscillation are signiﬁcant
factors for material perception derived from motion.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Visual motion provides rich information for material percep-
tion. Several reports have indicated that observers perceive various
material properties of objects, such as mass, elasticity, rigidity and
hardness, based on visual motion (e.g., Masuda et al., 2011b; Todd
&Warren, 1982; Warren, Kim, & Husney, 1987). Some studies have
reported on some types of motion related to material perception.
For example, many studies have reported that observers can per-
ceive the relative mass of colliding objects and the acting forces
in a visual collision event (e.g., Todd & Warren, 1982) and observ-
ers perceive a moving object’s elasticity based on velocity changes
around its collision with the surface or from the amplitude of its
bounce (Warren et al., 1987). Johansson (1964) demonstrated that
the motion of a shape continuously changing from a square to a
rectangle was perceived as either rigidly rotating in depth or
non-rigidly folding or bending in depth. Additionally, observers
tended to perceive such deformation as rotation, bending, and
stretching, in decreasing order of frequency (Jansson &
Johansson, 1973). Other studies reported that observers could per-ceive the bending motion from point lights (Jansson, 1977), and the
frequency of a perceived bending motion derived from quad-angu-
lar deformation varied with the degree of phase lag between the
motion of corners (Jansson & Runeson, 1977). Norman et al.
(2007) demonstrated that observers could discriminate elasticity
from a simulated bending motion even with varying orientation
in depth, although the projected velocity of bending varied with
the rotation of bending in depth.
Recently, Masuda et al. (2013) demonstrated that kinetic illu-
sory objects were perceived with various material impressions. In
this previous study, the subjective contours of the illusory object
were composed of four sets of three concentric circles, and the con-
structional lines of a quarter segment of each set of circles were
painted blue to cause the perception of a faint bluish color within
a square region (Fig. 1a). When the phase differences between the
oscillating motion of the top two and bottom two vertical bound-
aries were controlled (Fig. 1b and c), material impressions could be
systematically changed by manipulating the phase difference
between the inducers’ oscillations (Masuda et al., 2013). The
results showed that a rigid object tended to be perceived under
conditions without a phase difference (0- and 180-deg. phase dif-
ference conditions), a bending object tended to be perceived under
the 30-deg. phase difference conditions, and a waving object
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tions. In nature, actual rigid swinging, bending, and waving
motions occur with undeformable rigid, high-elasticity, and low-
elasticity (or liquid-like) materials, respectively. Therefore, the dif-
ferentiation between motion impressions might be determined by
an observer’s material perceptions of an illusory object.
The phenomena Masuda et al. (2013) reported implies the
potential link between the determining factor of material percep-
tion derived from visual motion and the mechanical behavior of
an object which varies with the type of material. It can be assumed
that the effect of phase difference on material perception is related
to the viscoelastic stress–strain relationship obvious in the
mechanical behavior of a material which has both viscous and elas-
tic physical characteristics during deformation. The proportion of
these characteristics is determined by the phase lag (phase differ-
ence) between stress and strain, which is between 0 and 90 deg.
This difference declines to 0 deg. as the elasticity of the object
increases (solid-like material) and reaches 90 deg. as the viscosity
of the object increases (liquid-like material). Purely elastic materi-
als have stress and strain characteristics in phase (0 deg. phase dif-
ference) and purely viscous materials have a 90-deg. phase
difference between stress and strain. Viscosity is the resistance to
ﬂow and strain with time when a stress is applied. Typically, a high
viscosity object is thick or sticky. Elasticity is the return of materi-
als to their original shape after stress is released. Viscoelastic mate-
rials have elements of both properties. To summarize, in nature a
phase lag results from differences in the type of materials that an
object is composed of. Masuda et al. (2013) showed that the chang-
ing of a motion impression of a material, which is caused by a
change in phase difference, can be explained by temporal differ-
ences in the motion of a viscoelastic object in nature.
Thus we can hypothesize that material perception from visual
motion is derived in a manner analogous to solving physical equa-
tions with variables such as phase difference and amplitude
change in frequency of oscillation.
Here, we can expect that the amplitude and frequency changes
in the pendular motions of the stimuli Masuda et al. used are
related to material perception from visual motion because, as with
phase differences, they can change with the physical properties of
materials. Meanwhile, deformation of contours caused by phase
difference has many potential variations, such as linear or curved
shaping or varied numbers of vertices, which could inﬂuence mate-
rial ratings. Using an illusory ﬁgure with kinetic subjective con-
tours allowed us to investigate the factors of phase difference,
frequency change, and amplitude systematically without present-
ing the more complex contour deformations that accompany
actual contours.
Generally, the amplitude of oscillation decreases with duration
due to friction, and the degree of the decrease depends on theFig. 1. Example of neon color spreading. (a) The typical ﬁgure in a static display, (b) an ex
example ﬁgure for a kinetic display in the 90-deg. phase difference condition.degree of increased viscosity of the friction medium. In addition,
the frequency of the oscillation depends on the elastic properties
of the object. The frequency of oscillation of a high-elasticity object
is higher than that of a low-elasticity object.
If material perception based on motion is related to such
aspects of physical motion, the changes in amplitude and those
in frequency might systematically shift visual material impressions
such as elasticity and viscosity. In addition, manipulation of these
two factors might reveal their correlation with the impression of
hardness of an object because hardness, as a physical characteris-
tic, is also dependent on elasticity, viscosity, and viscoelasticity.
Hence, if amplitude and frequency changes as aspects of motion
are varied with the type of material, it might inﬂuence the visual
impressions of hardness, viscosity, and elasticity.
Our purpose was to conﬁrm whether amplitude and frequency
changes in inducers’ oscillation inﬂuence the visual impressions of
an object’s material properties such as hardness, elasticity, and
viscosity.2. Method
It should be noted that some details of the methods are repro-
duced here from Masuda et al. (2013).2.1. Participants
Nine healthy adults (two female, seven male) aged 21–44 years
participated in the experiment. They all had normal color vision
and normal or corrected-to-normal visual acuity. This research fol-
lowed the tenets of the Declaration of Helsinki. Written informed
consent was obtained after a complete explanation of the study.
The study was approved by the institutional ethics committee of
the National Food Research Institute.2.2. Stimuli and apparatus
Visual stimuli were controlled using a personal computer (Dell,
Precision 390) and displayed at the center (600  600 pixels;
9.26  9.26 deg. in visual angle) of a 22-in. CRT monitor (resolu-
tion: 1024  768 pixels; diagonal visual angle: 19.72 deg.; Iiyama,
HM204DA; 120 Hz refresh rate).
The stimuli consisted of four sets of three concentric circles
(diameter: outer circle 1.98 deg., middle circle 1.23 deg., and inner
circle 0.49 deg. of visual angle) presented on a white background.
The line width of each circle was 0.12 deg. Each set of circles was
placed in one corner of a square (distance between centers:
4.94 deg. of visual angle). The constructional lines of a quarter seg-ample ﬁgure for a kinetic display in the 0-deg. phase difference condition, and (c) an
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Fig. 3. Mode of phase differences. The horizontal axis indicates the time course (s)
of the oscillating motion, and the vertical axis indicates the oscillation angle (deg.).
Line types indicate phase difference conditions. The 0-deg. line indicates preceding
oscillation, and the 30- and 90-deg. lines indicate follower oscillations.
Fig. 4. Mode of amplitude changes. The horizontal axis indicates the time course (s)
of the oscillating motion, and the vertical axis indicates the oscillation angle (deg.).
Line types indicate amplitude conditions.
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tion of a faint bluish color within a square region (Fig. 1).
The vertical boundaries of the painted regions oscillated around
the center of the concentric circles. The amplitude of oscillation
shifted from 15 deg. to +15 deg. in standard pattern (Fig. 2).
The velocity of the pendulum changed periodically resulting from
a sinusoidal pendulum oscillation. Pendular motions in the right
and left boundaries were parallel. Each pattern of oscillating
motion was presented for 3.0 s, after the ﬁrst frame in motion
was presented for 0.5 s. The cycles of pendular motion were kept
at 1.67 cycles per second.
Our previous study showed that material impressions of illu-
sory surfaces vary with phase differences between inducers’ pen-
dular motions (Masuda et al., 2013). However, it might be
difﬁcult for observers to judge the viscosity and elasticity of illu-
sory surfaces under condition in which impressions of rigid motion
are observed because both elasticity and viscosity are properties of
deforming (non-rigid) objects.
Therefore, we used two conditions of phase differences between
pendular motions in the upside and downside vertical boundary
oscillations (30 and 90 deg.), in which non-rigid deformation
impressions, such as bending or waving motions, tended to be per-
ceived in our previous study). Phase differences were implemented
by delaying the beginning of the pendular motion in a manner sim-
ilar to that used in our previous study (Fig. 3).
We manipulated the amplitude (no damping, slight damping,
and ample damping) and frequency changes (constant, slightly
decreasing, greatly decreasing, slightly increasing, and greatly
increasing) for the pendular motions of the vertical boundaries of
the painted regions. The mode of amplitude change was given as
a function of attenuation. The amplitude decayed exponentially
with time (Fig. 4). The mode of frequency change was given as a
function of exponent (Fig. 5). The pendular motion in each condi-
tion was given as a function of time as in following equation,
h ¼ A0
expðcatÞ
sin
2pt expðcf tÞ
T0
 
where h indicates the angle of the pendulum, t indicates the elapsed
time in pendular motion, A0 indicates the value of maximum ampli-
tude (15 deg.), T0 indicates the period of pendular motion (0.6 s),
and ca and cf are the respective coefﬁcients of amplitude and fre-
quency change. We manipulated ca and cf to create a series of
amplitude and frequency changes in the pendular motion. WhenFig. 2. Schematic display of the pendulum motion used in this experiment. Taken
from Masuda et al. (2013).ca was ‘‘0’’, the pendular motion had no amplitude change. The
amplitude of pendular motion decreased as ca increased. There
were three amplitude conditions: no damping (ca = 0.0), slight
damping (ca = 0.5), and ample damping (ca = 1.0). When cf was
‘‘0’’, the pendular motion had a constant frequency. The frequency
change of pendular motion decreased when cf was less than zero
and increased when cf was higher than zero. There were ﬁve fre-
quency change conditions: constant (cf = 0.0), slightly decreasing
(cf = 0.1), greatly decreasing (cf = 0.2), slightly increasing
(cf = 0.1), and greatly increasing (cf = 0.2). Examples of the stimuli
typically used in the experiments are shown in Fig. 6.
To cancel out asymmetric stimuli orientation, we created hori-
zontally and/or vertically ﬂipped patterns for all stimuli, an equal
number of which were presented in the experiments, generating
a total of 120 patterns (2 phase differences  3 amplitudes  5 fre-
quency changes  2 horizontal directions  2 vertical directions).
The horizontal ﬂip reversed the initial horizontal direction of the
pendular motion starting to the right or to the left. The vertical ﬂip
reversed the initial vertical direction of the pendular motion start-
ing from the upside or the downside. These four different direction
patterns were considered four repetitions of a single pattern
because no difference between initial direction was found in our
previous study. The phase difference was caused by differences in
the motions of the upside and downside inducers, thus the vertical
ﬂip did not result in a change in the patterns without a phase differ-
ence. All stimuli were presented at 60 frames per second.
ab
Fig. 5. Mode of frequency changes. (a) Increasing frequency conditions, (b)
decreasing frequency conditions. The horizontal axes indicate the time course (s)
of the oscillating motion, and the vertical axes indicate the oscillation angle (deg.).
Line types indicate frequency change conditions.
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The experiment was conducted in a dark room. After 10 min
waiting in the dark room, participants were instructed in the
experimental task and procedures, and were familiarized with
the experimental set-up. In a training session, they were instructed
to observe some stimuli (experiment stimuli presented at random)
and to judge the relative hardness, elasticity, and viscosity of each
illusory surface in a manner similar to this experiment. This
instruction and training took about 10–15 min.
A participant’s head was ﬁxed to a chin rest, and the viewing
distance from the observer to the monitor was 143 cm. At thea b c
Fig. 6. Visual stimuli. (a) no damping and no frequency change under 30-deg. conditi
damping and no frequency change under 30-deg. condition, (d) no damping and great
increasing frequency under 30-deg. condition (videos of these patterns are available onlin
dashed lines show the upside and downside oscillations. The vertical axes indicate the os
horizontal axes indicate the time courses.beginning of the experiment, a static ﬁgure with the same form
as the ﬁgures used during the experimental session was presented
in order to demonstrate subjective contours and neon color
spreading to each participant. All participants reported that they
perceived the subjective contour and illusory surface.
Masuda et al. (2013) have already demonstrated that the phase
difference between pendular motions is a crucial factor in material
impressions. In this study, we focus on the effect of amplitude and
frequency change on material perception independently of the
effect of phase difference. Thus, participants underwent the 30-
and 90-deg. conditions separately. The order of participation in
the 30- and 90-deg. conditions was counterbalanced across partic-
ipants. The participants received a debrieﬁng once all sessions
were over. Sixty visual patterns for each phase difference condition
were presented in a random order that was different for each par-
ticipant. In total, each participant underwent 120 trials.
Each visual stimulus was presented after the presentation of a
standard pattern that had no oscillation changes in either ampli-
tude or frequency and that had the same phase difference as each
visual stimulus. There was a possibility that material impressions
would vary slightly with differences in amplitude and frequency
changes. Therefore, we used a visual analog scale to measure three
material impressions, hardness, elasticity and viscosity, as contin-
uous values in order to measure such differences. The participants
rated the material impressions compared to the standard pattern.
For the hardness rating, the scale ranged from softer to harder than
the standard pattern with ﬁve anchor points: ‘‘much softer’’,
‘‘softer’’, ‘‘same’’, ‘‘harder’’, ‘‘much harder’’. Similarly, the scale ran-
ged from more plastic to more elastic for the elasticity rating, and
from thinner to more viscous for the viscosity rating.
These scales were determined based on a study for the classiﬁ-
cation of food texture (Szczesniak, 1963). The participants were
allowed to check anywhere on the scale. Using this linear scale,
‘‘very soft/plastic/thin’’ was assigned a value of 1, ‘‘soft/plastic/
thin’’ was assigned a value of 0.5, ‘‘hard/elastic/viscous’’ was
assigned a value of 0.5, and ‘‘very hard/elastic/viscous’’ was
assigned a value of 1, with 0 indicating the same hardness/elastic-
ity/viscosity as the standard pattern. Before the training session,
participants were instructed in the concepts of elasticity and vis-
cosity as follows. ‘‘Elasticity is a property of materials in which
they return to their original shapes after forces deforming them
are removed. Typically, an object with high elasticity is rubbery
or springy, and one with low elasticity is plastic or ﬂexible. Viscos-
ity is the property of friction during deformation, for example, the
resistance to ﬂow on a slope, or the resistance in a liquid when it is
stirred. Typically, an object with high viscosity is thick or sticky,
and one with low viscosity is thin or runny’’. In order to verifyd e
on, (b) No damping and no frequency change under 90-deg. condition, (c) ample
ly decreasing frequency under 30-deg. condition, and (e) no damping and greatly
e). The schematic graphs below each ﬁgure show the pendular motion. The solid and
cillation angles of the vertical boundaries of the painted regions in inducers, and the
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and-answer session with each participant. After oral conﬁrmation
that they understood the concepts, participants began the training
session.
In order to make the rating task easier for participants, they
were allowed to observe the set of stimuli (standard pattern and
each visual stimulus) as many times as they needed until they
could rate the relative hardness, elasticity, and viscosity of an illu-
sory surface compared with that of the standard patterns. To make
this possible, participants were given a choice either to ‘‘rate the
material impressions’’ or ‘‘observe the same patterns again’’ after
observing a set of stimuli.
2.4. Data analysis
For each participant, we calculated the mean rate of each
response across amplitude, frequency change, and phase difference
conditions as her or his hardness, elasticity, and viscosity ratings,
respectively. We considered the four orientation conditions (verti-
cally and/or horizontally ﬂipped) four repetitions of a single pat-
tern because no differences between orientations were found in
our previous study. The rates for each impression rating were ana-
lyzed with a two-way analysis of variance (ANOVA) with within-
subject factors between amplitude and frequency change in each
phase difference condition because the standard patterns were dif-
ferent for each phase difference condition.
Effect sizes (partial eta squared: gp2) were also calculated. When
signiﬁcant effects were detected, post hoc multiple comparisons of
means were performed using Tukey’s honestly signiﬁcant differ-
ence (HSD) test. p < .05 was considered statistically signiﬁcant.
The signiﬁcances of the ratings were examined using one-sample
t-tests against zero for each condition. The resulting p-values from
t-tests were thresholded using the false discovery rate (FDR)
method for multiple testing correction (Benjamini & Hochberg,
1995; p < FDR 0.05).
3. Results
Figs. 7 and 8 show the mean ratings for hardness, elasticity, and
viscosity compared with the standard pattern in each phase differ-a b
Fig. 7. Mean ratings of material impressions in 30-deg. conditions. (a) Hardness rating
Sinusoidal icons below the horizontal axes indicate the frequency change condition: g
greatly increasing conditions, in that order. Line types indicate amplitude conditions. S
large damping conditions, in that order. Error bars indicate standard error (N = 9). The up
damping condition, respectively.ence condition. If a participant perceived the respective very hard-
ness, elasticity, or viscosity of the visual pattern to be much greater
than those of the standard pattern, the mean rating would be 1.
Conversely, if the participant perceived the respective very soft-
ness, plasticity, or thinness of the visual pattern to be much greater
than those of the standard pattern, the mean rating would be 1. If
the visual stimulus was perceived as having the same hardness,
elasticity, or viscosity as the standard pattern, the respective rat-
ings would be 0.
In post-experiment interviews, no participants reported that
they had not perceived the illusory surface in the visual pattern.
3.1. Results for 30-deg. conditions
3.1.1. Hardness ratings
The results of ANOVA indicated a signiﬁcant main effect of
amplitude on the hardness ratings (F(2,16) = 11.42, p < 0.01,
gp2 = 0.26). The main effect of frequency change and interaction
between factors were not signiﬁcant (F(4,32) = 0.28, p > 0.05;
F(8,64) = 0.38, p > 0.05). Table 1 displays the results of Tukey’s post
hoc tests (p < 0.05).
One-sample t-tests against zero were performed. The average
hardness rating was signiﬁcantly higher than zero for the ample
damping and greatly increasing frequency conditions (t(8) = 8.68,
p < FDR 0.05).
3.1.2. Elasticity ratings
The results of ANOVA indicated a signiﬁcant main effect of fre-
quency change (F(4,32) = 6.59, p < 0.01, gp2 = 0.29) and interaction
between factors for the elasticity ratings (F(8,64) = 2.67, p < 0.05,
gp2 = 0.25). The main effect of amplitude was not signiﬁcant
(F(2,16) = 0.62, p > 0.05). Table 1 displays the results of Tukey’s
post hoc tests (p < 0.05).
One-sample t-tests against zero were performed for each condi-
tion. The elasticity ratings for the 30-deg. condition were signiﬁ-
cantly different from zero for the slight damping and slightly
increasing frequency condition (t(8) = 4.27, p < FDR 0.05), the slight
damping and greatly increasing frequency condition (t(8) = 5.40,
p < FDR 0.05), and the ample damping and greatly increasing fre-
quency condition (t(8) = 7.32, p < FDR 0.05).c
s, (b) elasticity ratings, and (c) viscosity ratings as functions of frequency changes.
reatly decreasing, slightly decreasing, constant frequency, slightly increasing, and
inusoidal icons indicate the amplitude condition: no damping, small damping, and
per and lower thin solid lines indicate the maxima and minima of ratings in the no
a b c
Fig. 8. Mean ratings of material impressions in 90-deg. conditions. (a) Hardness ratings, (b) elasticity ratings, and (c) viscosity ratings as functions of frequency changes. Line
types indicate amplitude conditions. Sinusoidal icons are as same as those of Fig. 7. Error bars indicate standard error (N = 9). The upper and lower thin solid lines indicate the
maxima and minima of ratings in the no damping condition, respectively.
Table 1
Summation of Tukey’s post hoc test results (p < 0.05).
Phase differences (deg.)
30 90
Types of material Hardness Amplitude
ample damping > no damping
None
Elasticity Frequency change (simple main effect)
(under no damping)
greatly increasing > slightly decreasing
greatly increasing > greatly decreasing
slightly increasing > slightly decreasing
(under greatly damping)
greatly increasing > greatly decreasing
Frequency change
greatly increasing > slightly decreasing
greatly increasing > greatly decreasing
Viscosity Amplitude
ample damping > no damping
Frequency change
greatly decreasing > slightly increasing
greatly decreasing > greatly increasing
Frequency change
greatly decreasing > slightly increasing
greatly decreasing > greatly increasing
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The results of ANOVA indicated signiﬁcant main effects of
amplitude (F(2,16) = 4.51, p < 0.05, gp2 = 0.12) and frequency
change on the viscosity ratings (F(4,32) = 5.22, p < 0.01,
gp2 = 0.25). Interaction between factors was not signiﬁcant
(F(8,64) = 1.78, p > 0.05). Table 1 displays the results of Tukey’s
post hoc tests (p < 0.05).
One-sample t-tests against zero were performed for each condi-
tion. The viscosity ratings in the 30-deg. condition were signiﬁ-
cantly different from zero for the no damping and greatly
decreasing frequency condition (t(8) = 6.11, p < FDR 0.05), the
ample damping and greatly decreasing frequency condition
(t(8) = 3.95, p < FDR 0.05), and the slight damping and constant fre-
quency condition (t(8) = 3.42, p < FDR 0.05). The viscosity ratings
under these conditions were signiﬁcantly higher than zero.
3.2. Results for 90-deg. conditions
3.2.1. Hardness ratings
The results of ANOVA indicated no main effects or interaction
for the hardness ratings (F(2,16) = 3.55, p > 0.05; F(4,32) = 1.03,
p > 0.05; F(8,64) = 0.73, p > 0.05). One-sample t-tests against zero
also indicated no amplitude or frequency changes were associated
with hardness ratings.3.2.2. Elasticity ratings
The results of ANOVA indicated a signiﬁcant main effect of fre-
quency change on the elasticity ratings (F(4,32) = 8.13, p < 0.01,
gp2 = 0.34). The main effect of amplitude and interaction between
factors were not signiﬁcant (F(2,16) = 1.86, p > 0.05;
F(8,64) = 1.02, p > 0.05). Table 1 displays the results of Tukey’s post
hoc tests (p < 0.05).
The elasticity ratings were signiﬁcantly different from zero for
the no damping and greatly increasing frequency condition
(t(8) = 3.37, p < FDR 0.05), the slight damping and slightly increas-
ing frequency condition (t(8) = 4.23, p < FDR 0.05), the slight damp-
ing and greatly increasing frequency condition (t(8) = 4.20, p < FDR
0.05), the ample damping and slightly increasing frequency condi-
tion (t(8) = 3.51, p < FDR 0.05), and the ample damping and greatly
increasing frequency condition (t(8) = 8.97, p < FDR 0.05). The elas-
ticity ratings for these conditions were signiﬁcantly higher than
zero.
3.2.3. Viscosity ratings
The results of ANOVA indicated a signiﬁcant main effect of fre-
quency change on the viscosity ratings (F(4,32) = 5.66, p < 0.01,
gp2 = 0.26). Themain effect of amplitude and interaction between fac-
tors were not signiﬁcant (F(2,16) = 1.49, p > 0.05; F(8,64) = 1.23,
p > 0.05). Table 1 displays the results of Tukey’s post hoc tests
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cantly higher than zero, and not associated with amplitude or fre-
quency changes.4. Discussion
We found that material impressions varied in accordance
with the amplitude and frequency change in inducers’ pendular
motion. Results suggest that the illusory surface was perceived
to be much harder when the amplitude of pendular motion
decayed heavily with time only in the 30-deg. condition. The
illusory surface was perceived to be very elastic when the pen-
dular motion had a greatly increasing frequency in the 90-deg.
condition. In the 30-deg. condition, similar tendencies were only
observed in particular amplitude conditions such as no damping
and ample damping. The illusory surface was perceived to be
very viscous when the frequency of pendular motion decreased
greatly in both the 30- and 90-deg. conditions. In addition, the
illusory surface was perceived to be very viscous when the
amplitude of pendular motion decayed heavily with time, but
only in the 30-deg. condition.
These differences between phase difference conditions may be
caused by differences in the materials perceived in each condition.
According to Masuda et al. (2013), ‘‘bending motion’’ impressions
were dominant for 30-deg. phase differences, and ‘‘waving motion’’
impressions increased as the phase difference shifted closer to
90 deg. In nature, bending motions occur with high-elasticity solid
objects, and waving motions occur with low-elasticity solid or ﬂuid
objects. In other words, a bending motion can be achieved by an
object with solid-like properties, while a waving motion can be
achieved by an object with liquid-like properties. When a percep-
tion of solidity was caused by the inducers’ oscillation, an object
was perceived as harder when the oscillation had ample damping,
as more elastic in speciﬁc combinations such as increased oscilla-
tion with either ample or no damping, and as more viscous when
the oscillation had ample damping or the frequency of oscillation
decreased. When the perception of liquidity was caused by the
inducers’ oscillation, perceptual hardness was not inﬂuenced by
amplitude or frequency change. The object was perceived as more
elastic when the frequency of oscillation increased, and as more
viscous when the frequency of oscillation decreased. The effects
of amplitude and frequency change on perceived material proper-
ties are partially inconsistent with the physical equation of oscilla-
tion: In a perceptually solid-like object, the inﬂuence of frequency
change on hardness and elasticity and the inﬂuence of damping on
viscosity may be related in part to the physical behavior of oscilla-
tion, while the inﬂuence of frequency change on viscosity is not
consistent with the physical behavior of oscillation. In a perceptu-
ally liquid-like object, the inﬂuence of frequency change on elastic-
ity and the inﬂuence of damping on viscosity may be related in part
to the physical behavior of oscillation, while at the same time,
there is no inﬂuence on hardness and the inﬂuence of frequency
change on viscosity is not consistent with the physical behavior
of oscillation. We conﬁrmed that amplitude and frequency changes
in visual oscillation affected the ratings of materials and that their
effects were partly consistent with the physical motion of
oscillation.
Taken together, the phenomena we report here imply that
the visual system picks up information about material proper-
ties from visual motion roughly in accordance with descrip-
tions of physical motion by parameters in physical-motion
equations.
It must be noted that physical motion is induced by various
forces and various observed motion events must include them.
Past studies on motion perception have reported that there is arelationship between perceived motion and the physical laws
under which natural motion occurs. The phenomenon known
as the ‘‘kappa effect’’ (Abe, 1935; Cohen, Hansel, & Sylvester,
1953) is an example of this relationship. In it, the judged ﬁnal
position of a moving object and the perceived temporal dura-
tion of a motion are inﬂuenced by other environmental con-
texts related to natural motion, such as gravity, friction,
energy transfer, and driving force in the observed motion.
Intriguingly, such effects of environmental context with natural
motion disappear when the object’s movement appears to devi-
ate widely from the natural laws of physics as they act upon an
unpowered body (Masuda et al., 2011a). Such deviation from
natural motion is potentially caused by various additional
forces as typiﬁed by adding external forces or self-driving
forces to a moving object.
Our results also show that our material perception occasionally
presupposes the existence of irregular additional forces during
motion because the motion of an object with various material
attributes must be induced by various forces. For example, a
kinetic illusory object in a 90-deg. condition tends to be perceived
as having a waving or ﬂuttering surface. Such motions are called
self-excited oscillation. This type of motion is the result of a force
exerted without a corresponding periodicity. Similarly, bending
motion perceived under a 30-deg. condition is caused when an
external force is initially applied and the oscillation starts after
the external force is released. Therefore, both motions, caused by
phase differences, relate to external forces.
Material perception is considered to be inﬂuenced by extra-
physical factors in natural motion when a typical or canonical
motion is observed, even if the motion appears to be caused by
an additional force during movement. The effects of frequency
change on viscosity ratings in the present study could be consid-
ered in line with such tendencies. When a typical motion that is
caused by external forces, such as waving or ﬂuttering, is observed,
such factors not involving amplitude change, which is not consid-
ered in natural motion, might also inﬂuence our perception.
One might argue that the phenomena we found were caused by
peak angular velocity changes resulting from the amplitude and
frequency change because the peak angular velocity of a pendular
motion varied according to the magnitude of damping and fre-
quency change in our experiment. In the no-damping oscillation,
the peak angular velocity was faster when frequency increased,
slower when frequency decreased, and unchanged when frequency
was constant. On the other hand, the peak angular velocity
decreased under all frequency change conditions with damping,
while the decreasing ratio of angular velocity increased as the coef-
ﬁcient of frequency change decreased. If the peak angular velocity
is the determining factor for material impressions, we can expect
that the material impressions under the increasing frequency con-
dition without damping would be different from those under other
conditions because peak angular velocity increased only with
increasing frequency in the no damping condition. However, this
was not the case. Thus it might be plausible that the phenomena
we found were caused by the effect of amplitude and frequency
changes.
Norman et al. (2007) suggest that discrimination of elasticity is
not only determined by simple velocity on a 2D display, but also by
the way deformation occurs overall in a simulated bending motion.
This implies that our perceptual system picks up the material
information as a function of motion derived from a description of
the typical physical motion, including elasticity, in nature. Simi-
larly, our results also indicate that material ratings are determined
not by simple velocity, but by the overall oscillation that occurs
with phase difference, amplitude, and frequency change, which
affect oscillation motions in nature. In other words, material per-
ception from visual motion might be partially derived in a manner
208 T. Masuda et al. / Vision Research 109 (2015) 201–208analogous to solving physical equations with typical variables of
motion in nature such as the phase difference and amplitude
change in frequency of oscillation that can be seen in the bending
motions of wind-blown branches, the movement of the suspension
system of a vehicle, and so on.
In conclusion, the current results provide evidence of the partial
relationship between material impressions such as hardness, vis-
cosity, and elasticity related to amplitude and frequency changes
in pendular motion. Our ﬁndings indicate the possibility that mate-
rial perception derived from motion is explicable in relation to
physical motion based on the physical property of a material and
force related to motion.Acknowledgments
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